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ABSTRACY

The unusual behavior of Cu_S/CdS solar cells is
better described with spacé-charge-]imited current
{SCL 1) than with standard junction models. The
SCL I theory provides the first quantitative
explanation of these devices' [-V characteristics
including their non-exponential form, the dark-
light crossover, the temperature independent slope
in addition to qualitatively modeling the voltage
variation of capacitance. This is accomplished
with trapping parameter values well known to be
characteristic of Cu compensated CdS. It indi-
cates that the voltage dependence of current is
controlled by mechanisms entirely different than
previously proposed with important implications
for device fabrication and optimization and ulti-
mate device performance,

INTRODUCTION

The unusual electrical properties of Cu_5/CdS
solar cells have long presented charactdristics
that have been difficult to model quantitatively.
Gross behavior such as the dark-light crossover of
the I-V, the non-exponential dependence of [ on V,
and the temperature independent slope of the [-V
(1-5) have not been adequately explained. Analy-
sis of this paper shows that such behavior is well
described by a space-charge-limited current

{SCL 1) mode! that is controlled by physicail
mechanisms that are distinctly different from
those involved in standard models (4-7).

THEORY

SCL I models have distinctive voltage and tempera-
ture dependences unlike that of standard theories.
Qualitatively SCL I has a voltage dependepce that
sequentially Ehows 1 proportional to v, (m>2),
and finally v© for increasing current (8). This
1-¥ shape is preserved at any temperature as long
as SCL I mechanisms dominate. The capacitance for
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the linear, resistive region is just its geometric
value €A/l independent of voltage. Here ¢ is the
dielectric constant, A is the cross-sectional agea
and L is the width SCL I region. For the I =V
region, SCL I theory shows that this capacitance
is increased by the factor 3/2 (8). The transi-
tion between these values occurs in the I =
interval. Empirically this transistion has been
observed to involve a sharp drop in capacitance
gg; ?g% [ produced in thin film, polycrystalline

The quantitative relations between currant and
voltage with an arbitrary distribution of traps is
abtained with numerical integration. Considering
the simplest case of a highly compensated CdS
layer (due to Cu acceptors) of width L with uni-
form concentrations of equilibrium conduction
electrons n_ and electron traps Nt with the traps
located on 3n energy E -Ey below Ihe conduction
band edge, allows GausS's 1aw for the region to be
written as :

d&(x)
Exx * "2’ [n(x) =Myt Z{pti(x) - ptio}]

! (m
where £(x) is the electric field, x is the space
variable, e is the electronic charge, n(x} is the
non-aquilibrium conduction electron concentration,
and p,.; (x) and p are the non-equilibrium and
equi1§3rium conceﬁi?ations of holes in the ith
trap respectively. It is implicitly assumed in
this expression that the build-up of non-equili-
brium space charge is so dominant that the pres-
ence or absence of a small initial, equilibrium
space charge has negligible effect an the results.
This is reasonable for the small equilibrium space
charge present in a highly compensated and de-
pleted CdS layer.

The second assumption, that is standard for SCL I
{8), is that current is dominated by drift alone
50 the current density can be used to specify the
carrier concentration by

n(x) * el (2)

where J is the current density and p is the mobil-
ity. Substituting this back into £q. 1 gives the
primary differential equation as
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Here €. (x) is the quasi-Fermi level for conduc-
tion ef@ctrons and N, is the effective density of
states (10). Sim11a$1y
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The required single boundary condition for finding
§(x) is (see Eq. 2)

(6)
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The third assumption, also standard for SCL I (8),
is that n(0) > >1. This condition was found to be
sufficiently satisfied for accurate numerical 5
integration of £q. 3 to give §(x) when n(0) = 10
n_, Again numerically integrating this &(x)
résult finally gives the voltage V for a specifi

J as L ’

Ve- f £(x)dx. (9)

0

Note that this current-voltage relationship is
totally specified by the concentrations n_ and
Nti' the energy spacings EC - Et1' the coﬂpensa -

tion width L, and the mobility u.

In contrast, standard treatments of P-N junction
transport indicate that current is exponentially
related to voltage divided by temperature T (6,7).
Tunneling models indicate that current is rather
independent of T and the simplest treatments show
that ft is exponentially related to voltage (4,5).
However quite varied relationships between [.V
are seen in tunneling devices such as Zener and
tunnel diodes so that a single required tunneling
characteristic can not be specified.

" RESULTS

Cu, S/CdS samples A and B were fabricated at
La¥rence Livermore onto a vacuum deposited CdS
substrate with the Cu_S layer formed by reactive
sputtering. Sample ("was constructed by the
University of Delaware's [nstitute of Energy
Conversion by wet-dip formation of the Cu S layer
onto a vacuum deposited CdS layer. A1l simples
were extensively heat treated.

Figure 1 shows the dark and 1ight (simulated AM1)
J-¥ characteristics measured on sample A. For
convenience, the short circuit current density J
has been added to the light data to make J + J, Yo
to zero when ¥V is zero. This allows plotting 1
the data on the same logarithmic scales. MNote
gmat both data sets exhibit the distinctive v andz
regions with the 1ight data also showing the V
region of SCL I for current variations over 4 to 6
orders of magnitude. Measuring J in the light 2
near zero voltage invalved currents jg the mQ/cm

so that current changes less than 10°° mA/cm® were
not measureable for the light data.
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Fig. 1. The dark and Tight (AM1), current-

voltage characteristics of sample A that demon-

strate the distinctive SCL I behavior.




Similar measurements as a function of T were taken line CdS using thermoelectric techniques. Similar

on sample 8 and plotted in Fig. 2. In addition to SCL I behavior was found in p-GaAs/n-ZnSe hetero-

the V and V™ regions, the temperature independent Junction solar cells as reported by Balch and

slopes characteristic of SCL I are clearly shown. Anderson{14).

The curves definitely do not exhibit exponential

dependence on V/T. All of the published data of When this sample C data and theory are plotted on

temperature dependent J-V curves for Cu_S5/CdS linear scales the excellent agreement shown in

cells have shown similar results with ndne demon- Fig.4 is obtained. This graph shows that sample C2

strating the exponential 1/T behavior (3-5, 11). has an efficiency of 6.1 percent, a J, of 17 mA/cm,
an open circuit voltage of 0.51 V, anh a fin

factor of 0.70. To the best of our knowledge this
model provides the first quantitative fit of this
dark-1ight crossover behavior that is character-
istic of Cu_S/Cds solar cells, This same cross-
over is seel when the Fig. 1 data is replotted on
Tinear scales. The dark capacitance-voltage
properties of sample C were obtained far into
forward bias region using a transient technique
similar to that of Dresner and Shallcross (9) with
an accuracy that is undiminished by large current
flow. The results are shown in Fig. 5 for various
heat treatment times given the cell at 180°C in
air. Note the sharp drop in capacitance at around
0.3 33 0.4 volts. From Fig. 3 this corresponds to
the region where an anomaly is theoretically
indicated and where such behavior has been pre-
viously observed with SCL 1(9).
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Fig. 2. The temperature dependent, current-
voltage properties of sample B that show the T
independent slope characteristic of SCL I.
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The dark and light J-V properties measured on
sampie C are shown as the data points in Fig. 3
demonstrating the same properties as sample A.

The theoretical fit of this data by the numerical
integration, SCL I model is shown by the solid
curves. Ffor the theoretical curve, it was assumed 02
that the short circuit current superimposes on the 1 2 » 100
SCL [ with light exposure. The parameters that 0 10

gave this fit are ng = 2.7 (1010)cm'3 (1ight) and V (volts)
9(10%)em™? (dark), u= 20 cm?/y sec (11ght) and
2 - 4 -3
7V ?:c (da;k), Nt] 1.3(1077) en™ (Tight) Fig. 3. Logarithmic plot of the current-voltage
and 7(10"") em™° (dark), E. = E4p = 0.30 ev, Ngo = properties of sample C as shown py the data points

14 -3 t - -4 for the dark and l1ight. The solid curves are the
5.1 (10°7) em ™, Ec - Et2 0.44 e¥, L = 1.33(7077) SCL I theory fit obtained with numerical integra-
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¢m, €/€°= 10, m;/moso.z, and T = 294°K, The L was tion.

determined from zero bias, dark capacitance. The

m* and m, are the conduction electron's effective CONCLUSIONS

3g?u:§e§r§ai;§§c§?§55°§;:§ly}ep32523 gg:ags;er The Measurements taken on Cu_S/CdS solar cells of up

trap Tevels and densities are close to those' to 6 percent efficiency Fabricated by_two differ-
P red by Grill et al(12) on single crystal Cds ent processes at different locations indicate that

E:::g DLTSy The d%?i'i and u vaxﬁes anzstheir the -V characteristics as a function of tempera-

. ture and Tight and the C-V behavior demonstrate
change in light are app?oximately those found by ¢
Wu and Bube (13) on Cu compensated, polycrystal- the highly distinctive properties of SCL 1. The




current data definitely do not have the exponen-
tial V/T dependence of standard P-N junction
models (6,7) or the exponential V variation of
simple tunneling models (4,5). While tunneling
current can exhibit a wide variety of behavior, it
would be highly fortuitous if it had exactly the
same properties as SCL [. Such I[-V mimicing by
tunneling has never been reported to the best of
our knowledge. The fit that the SCL I model gives
for the data is the first quantitative agreement
that has been obtained for the dark and 1ight
properties. This was accomplished with parameter
values well known to be characteristic of the
involved materials and is in a form 1ike that seen
for another heterojunction solar cell,
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Fig. 4. Linear plot of sample C's measured data
points and the numerical integration, SCL I theory
given by the solid curves.

This indicates that the trap structure in the Cu
compensated CdS layer controls the voltage depend-
ence of current rather than the mechanisms of
standard junction theory. Since these parameters
have never been monitored in cells, they likely
account for the non-repeatability often encoun-
tered. New calculations of ultimate device per-
formance based on these results appear to be in
order. This SCL I analysis is new so that only
part of the cell behavior has been modeled so far.
Continuing work is proceeding to use this approach
to treat minority carrier collection, the energy
band diagram, the reverse bias characteristics,
and the photocapacitance.
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'Fig. 5. The dc bias voltage dependence of sample

C's small signal capacitance measured with a
transient technique.
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